We propose a new electrode design for polarization-independent cylindrical lens using a polymerstabilized blue phase liquid crystal (BPLC). The top electrode is coated with a transparent and resistive film to generate linearly varying electric potential from center to edge; while the bottom iridium tin oxide electrode has a constant potential. Therefore, the vertical electric field across the BPLC layer varies linearly over the lens aperture and a desired parabolic phase profile is obtained automatically according to the Kerr effect. Simulation results show that this simple device is polarization independent and it has parabolic-like phase profile in a large tuning range.
Introduction
The focal length of an adaptive liquid crystal (LC) lens [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] can be tuned continually by an external voltage without any mechanical moving part. Several methods have been developed to control the phase profile across the lens aperture. Among them, hole-patterned structure [8] [9] [10] with a dielectric layer on the inner surface of the substrate could generate a smooth phase profile, but the shielding from the dielectric layer increases the operating voltage noticeably. Multi-electrode structure [11, 12] could generate the desired phase profile by individually addressing the pixelated electrodes, but the driving is complicated. Moreover, to have a smoother phase profile, more electrodes and closer spacing are needed. As a result, diffraction may become severe. Another method called modal LC lens [13, 14] , with a planar high resistant electrode, can realize a smooth phase profile without pixelated electrodes. Most adaptive lenses using nematic LCs are polarization dependent and have a relatively slow response time, especially when a thick LC layer is involved.
Recently, polymer-stabilized blue-phase liquid crystal (BPLC) [15] [16] [17] [18] [19] [20] [21] has found useful applications in photonic devices because of its submillisecond gray-level response time [22, 23] . A hole-patterned [24] microlens using a polymer-stabilized BPLC was demonstrated experimentally with a fast response time and polarization insensitivity. The device structure is fairly simple, but the phase profile is not ideal and consequently, its image quality is compromised. Polarization independent bluephase lens using a curved iridium tin oxide (ITO) electrode was proposed [25] , but the fabrication of such structures seems complicated. Another BPLC gradient-index lens with planar multi-electrodes [26] was proposed to realize parabolic phase profile at different focal lengths by addressing the pixelated electrodes individually, but it requires a high dielectric constant layer to overcome the polarization effect.
In this paper, we propose a new cylindrical microlens using a polymer-stabilized BPLC. The BPLC is sandwiched between a planar resistive electrode and a planar ITO electrode. A parabolic phase profile is obtained in the low field region due to the linear Kerr effect in the BPLC layer with only one data addressing. Our design has a larger optical power compared to those shown in [25, 26] at the same voltage, because there is no shielding effect from any dielectric layer. Simulation results show that this simple device is polarization independent and it has parabolic-like phase profile in a large tuning range. Figure 1 shows the side view of our proposed cylindrical BPLC lens. On the inner surface of top substrate, there is a center ITO electrode strip at the center of the lens, and two ITO electrode strips on the two edges, respectively. The aperture of the lens is further coated with a thin transparent high-resistive film. On the inner surface of the bottom substrate, a planar ITO electrode is coated. The radius of aperture is R, and the cell gap of BPLC layer is d LC .
Device Configuration and Working Principle
In our design, we ground the center ITO electrode (x ≈ 0) and bottom ITO electrode, but vary the voltage (V 0 ) on the edge electrodes (x ≈ R). When V 0 0, there is no electric field and the BPLC remains optically isotropic. For the normally incident light, both the optical waves (here wave 1 is defined as the wave polarized in y direction, and wave 2 polarized in x direction) experience n iso at any radius. Thus, there is no optical power.
When V 0 > 0, we could obtain a differential equation for the potential distribution on the resistive film [27, 28] :
where ρ R is the resistivity of the resistive film, d R and d LC are the thicknesses of the resistive film and LC, respectively, ω is the AC frequency, and ε 0 and ε 00 are the real and imaginary parts of LC dielectric constants. Since the aperture dimension is much larger than the resistive film thickness, and it is a cylindrical lens, the electric field in x direction is much larger than those in other two directions within the resistive film. Combining the boundary condition V x0 0, Eq. (1) has an approximate solution:
where a is a positive real constant, c
, ε ε 0 − ε 00 j jε j exp−jθ, and θ the phase delay between ε 00 an ε 0 .
When c p jxj ≪ 1, using Taylor expansion, the amplitude of potential distribution can be approximated as:
where
F∕m, and jxj ≤ R 100 μm. Then, c p jxj ≤ 0.0087 ≪ 1, and linear potential distribution condition is fulfilled, and the potential could be expressed as
As a result, vertical electric fields with gradient intensity are generated across the lens and so is induced birefringence Δn ind . For a normally incident light, both waves 1 and 2 see an ordinary refractive index n 0 n iso − Δn ind ∕3 [21] , which is also radius dependent. Near the center of the lens, the electric fields are weaker due to smaller voltage difference between top and bottom electrodes; thus, the induced birefringence Δn ind is smaller and n o is larger. On the other hand, near the edge of the lens, the induced birefringence is larger and n o is smaller. Therefore, a phase profile with positive lens is formed. At the low field region, the induced birefringence follows the Kerr effect [29] :
where λ is the wavelength and K is the Kerr constant. At radius r, considering the linear potential distribution in Eq. (4), the induced birefringence could be further expressed as:
Equation (6) is a parabolic function with respect to location x. Consequently, the phase Φx 2πd LC n o ∕λ 2πd LC n iso − Δn ind ∕3∕λ would also have a parabolic shape. With such a simple structure, we could obtain parabolic phase profile easily. However
where Δn s is saturation induced birefringence of the BPLC composite and E s is the saturation electric field. Therefore, the phase profile would deviate from the ideal parabolic shape in the high field region.
Simulation Results
In order to validate the device concept, we carried out simulations using finite-difference frequencydomain method. We use the linear gradient potential on the resistive film as the boundary condition for BPLC cell. We first calculated the electric field distribution in the LC layer, then got the induced birefringence based on extended Kerr model as shown in Eq. (7) and finally the phase for the waves 1 and 2. The BPLC we used is Chisso JC-BP01M [31] . It has E s ≈ 5.4 V∕μm and Δn s ≈ 0.14 at λ 633 nm and used room temperature. For practical applications, we are more interested in λ 550 nm. Thus, we extrapolated the Δn s to λ 550 nm based on the wavelength dispersion model [32] and found Δn s ≈ 0.1487. Since E s does not depend on the wavelength, it remains the same. Figure 2 shows the simulated phase profiles of the proposed lens structure with different cell gaps at 50V rms operating voltage and λ 550 nm. The widths of center and edge electrodes are both 2 μm, and the aperture radius is 100 μm. The black solid curve and red dotted curve represent the phase profiles of wave 1 and wave 2, respectively, in a structure with d 8 μm; and the pink solid curve and blue dotted curve represent the phase profiles of wave 1 and 2, respectively, in a structure with d 25 μm. First of all, at the same applied voltage 50V rms , the 8 μm structure has more than 1π phase difference from center to edge, while the 25 μm structure has only ≈0.6π. Although the 25 μm LC layer would potentially have much larger phase difference at higher voltage, at this specific voltage, its phase is smaller due to the much weaker electric fields. Meanwhile, inside the 8 μm structure, electric fields are so strong that the induced birefringence deviates from the Kerr relation. As a result, the phase profile also deviates from the ideal parabolic shape. In the 25 μm lens cell, the deviation is much smaller so that phase profile is nearly parabolic. For our BPLC lens structure, there is a critical electric field instead of critical voltage, beyond which, the deviation from the Kerr effect is so much that the phase profile could not be regarded approximately as parabolic anymore. This critical field is determined by the liquid crystal material. Obviously, a larger cell-gap structure promises a better phase profile at the same voltage.
Second, the 8 μm structure has a better overlap between waves 1 and 2. The thinner the cell gap is, the stronger the vertical components of electric fields are, and, relatively, the smaller the horizontal components. As discussed in [25] , horizontal electric field components are the causes of polarization dependency, since wave 1 would see a decreased refractive index, while wave 2 sees an increased one. With a relatively smaller horizontal component, smaller cell gap is more advantageous for polarization independency. Similarly, a larger aperture would result in a better overlap of the two waves.
So we have chosen an optimized structure with d 13 μm and R 100 μm, to have a large optical path length difference, good phase profile shape and polarization independency at the same time. As shown in Fig. 3 , at 50V rms a phase change ∼π is achieved. Wave 1 (black solid curve) and wave 2 (red dotted curve) overlap with each other very well, indicating the optimized structure is indeed polarization independent. Moreover, they fit with the ideal parabolic shape (blue dashed curve) well. Thus, a good image quality could be obtained. Obviously, the lower the operating voltage, the more parabolic-like shape it would form, as shown by the 30V rms curves, because the induced birefringence follows the Kerr effect better in the low field region. Figure 4 shows electric field distribution across the BPLC lens where jE z j is much larger than jE x j. That is why the device is polarization independent [25] . To further suppress the difference between the phase profiles of the two polarizations, one could add a dielectric layer beneath the resistive film to shield those horizontal electric fields. From Fig. 4 , we could see electric fields are below the saturation electric field E s . Therefore, it follows the Kerr model very well, and consequently, the phase profile has a nice parabolic shape. Figure 5 shows the simulated voltage dependent focal length for the abovementioned optimized structure. The focal length is calculated using the following equation [25, 26] :
where δnE is the refractive index difference between the lens center and edge. The black solid curve is the focal length for wave 1, and the red dashed curve is for wave 2. As shown in Fig. 5 , the two waves have the same focal length, which further proves the lens is polarization independent. As voltage increases, the focal length decreases. At 50V rms , the simulated focal length is about 18 mm. A possible extension of present lens structure is to have the edge electrode and bottom electrode grounded, while varying the voltage on the center electrode. Then a negative lens is formed, but the shape of the lens will not be as good as the positive lens.
Conclusion
We proposed a new polymer-stabilized blue-phase lens using a resistive electrode. At low fields, when the induced birefringence follows the Kerr effect, a parabolic phase profile is formed without any pixelated electrodes. For an optimized structure with cell gap 13 μm and aperture radius100 μm, as the applied voltage V o is varied from 0 to 50V rms , focal length could be continuously tuned from ∞ to 18 mm. Through the whole focal length range, the lens could maintain polarization independent and parabolic shape. Such a device, with only a single cell gap, planar electrodes, and single data addressing, is easy to fabricate and would be very attractive for a wide range of applications that need miniaturized autofocus. 
